INTRODUCTION
============

The intestinal epithelium functions as a barrier that separates luminal contents from underlying tissue compartments. It is now evident that an intact epithelium is essential for maintaining the mucosal barrier function. Thus a balance between cell proliferation, migration, and apoptosis maintains epithelial homeostasis and directly contributes to regulation of barrier function. It is well appreciated that epithelial homeostasis is perturbed in a number of inflammatory disorders in which elevated mucosal proinflammatory cytokines have been shown to compromise the epithelial barrier. We reported that, in addition to disruption of barrier function, the proinflammatory cytokines interferon γ (IFNγ) and tumor necrosis factor (TNFα) exert biphasic effects on epithelial proliferation by transactivating β-catenin signaling pathways ([@B22]).

Although numerous signaling pathways have been shown to play roles in the regulation of epithelial homeostasis, the mechanisms behind the proinflammatory cytokine--mediated effects on epithelial equilibrium are not understood. IFNγ is critical for the induction of cell-mediated immunity and is one of the main cytokines identified in the inflamed mucosa of patients with inflammatory bowel disease (IBD). Its presence has been associated with changes in intestinal epithelial cell (IEC) homeostasis under certain conditions, but the mechanisms underlying this process are not well characterized. IFNγ activates phosphoinositide 3-kinase (PI3K) in a variety of cell lines ([@B12]), and PI3K regulates proliferation, cell growth, and differentiation of the intestinal epithelial cells ([@B15]; [@B36]; [@B35]; [@B20]). PI3K, through its downstream target protein Akt, enhances β-catenin--mediated cell transactivation via direct phosphorylation of β-catenin at the Ser-552 residue (pβ-cat552; [@B5]; [@B9]) or by inhibiting its proteosomal degradation ([@B33]). Increased transactivation of pβ-cat552 downstream of Akt also depends on its association with members of the 14.3.3 family of proteins ([@B32]). Members of the 14.3.3 family are adaptor proteins that regulate several signaling pathways due to their ability to bind signaling molecules, including kinases, phosphatases, and transmembrane receptors ([@B7]; [@B25]; [@B30]). Thus 14.3.3 proteins represent good candidate molecules that could play an important role in regulating intestinal epithelial homeostasis downstream of IFNγ by controlling Akt/β-catenin signaling events.

Here we report that IFNγ can enhance or reduce intestinal epithelial cell proliferation by regulating Akt/β-catenin signaling. We demonstrate that acute exposure of IEC to IFNγ resulted in Akt-mediated β-catenin phosphorylation, which facilitates its association with 14.3.3ζ. We show that association of β-catenin with 14.3.3ζ increases its stability and induces β-catenin transactivation, which, in turn, promotes Akt1 expression. We demonstrate that increased Akt1 protein levels result in nuclear accumulation of active Akt (pAkt308), which phosphorylates 14.3.3ζ, resulting in relocalization of β-catenin/14.3.3ζ protein complexes from the nucleus to the cytosol and inhibition of cell proliferation. These findings have implications for understanding the direct consequence of inhibited epithelial cell proliferation by proinflammatory cytokines in the mucosa of IBD patients.

RESULTS
=======

IFNγ inhibits β-catenin transactivation in IECs
-----------------------------------------------

During inflammation, homeostatic properties of the epithelium are compromised, and it is well appreciated that deleterious effects of inflammation on epithelial homeostasis are mediated in part by TNFα and IFNγ ([@B13]). Nuclear translocation of β-catenin and T-cell factor/lymphoid enhancer factor transactivation controls IEC homeostasis, which is altered during inflammation by proinflammatory cytokines ([@B22]). Although one would predict increased epithelial proliferation ([@B28]) as part of the reparative response to inflammation-induced epithelial damage, our previous results suggested that sustained cytokine exposure was associated with suppression of epithelial proliferation.

To understand the mechanisms by which of β-catenin activity and epithelial proliferation are influenced by IFNγ, we used complementary in vitro and in vivo approaches. Using a cultured intestinal epithelial cell line SW480, we evaluated the influence of IFNγ treatment on β-catenin transactivation by measuring TOPflash reporter activity ([@B14]). IFNγ exposure resulted in an initial increase in β-catenin transactivation (3 h), followed by a steady decline over the next 24 h of cytokine treatment, suggesting transient β-catenin transactivation by the cytokine ([Figure 1A](#F1){ref-type="fig"}). In agreement with our previous results using a model intestinal epithelial cell line, T84 ([@B22]), exposure of epithelial cells to IFNγ resulted in a biphasic proliferative response, with an initial increase in 5-ethynyl-2′-deoxyuridine incorporation (6--12 h), followed by reduced proliferation at 24 h (Supplemental Figure S1A). Although decreased activation of classical Wnt/β-catenin signaling was observed after IFNγ treatment (as we previously reported; [@B22]), increased activation of the Akt/β-catenin signaling was observed, as shown by the presence of high levels of pAkt308 and its downstream target protein, pβ-cat552 ([Figure 1B](#F1){ref-type="fig"} and Supplemental Figure S1B). Moreover, Western blot analysis of colonic mucosal lysates of C57BL/6 mice that had received intraperitoneal injections of IFNγ also revealed increased activation of Akt/β-catenin signaling within 2 h, an effect that was also observed when mice were continuously exposed to IFNγ for 96 h ([Figure 1C](#F1){ref-type="fig"} and Supplemental Figure S2). However, as shown in [Figure 1D](#F1){ref-type="fig"}, increased IEC cell proliferation was only observed 2 h after IFNγ treatment. In fact, continuous exposure of IECs to IFNγ for 96 h resulted in a clear reduction in cell proliferation ([Figure 1D](#F1){ref-type="fig"}). These findings suggested that sustained activation of Akt/β-catenin downstream of IFNγ signaling exerts biological effects that extend beyond increasing epithelial cell proliferation during inflammation.

![IFNγ induces transient transactivation of β-catenin in IECs. Effects of IFNγ in β-catenin transactivation (A) and Akt/β-catenin signaling pathway in vitro (B) and in vivo (C) were evaluated by TOPflash assays and Western blot analysis in SW480 cells and colonic mucosa of C57BL/6J mice, respectively. IFNγ was added 3--24 h before SW480 cells were processed. C57BL/6J mice were injected intraperitoneally with IFNγ for 2 h or vehicle alone (mouse serum albumin \[MSA\]). Transfections were performed in triplicate, and the means ± SD are shown (*n* = 3). Specific antibodies against pAkt308 and pβ-cat552 for Akt signaling pathway activation were used. Pan-Akt antibody was used to detect Akt total levels. Actin was used as a loading control. (D) The effect of IFNγ in IEC proliferation was evaluated by analyzing pHist3 expression in the mucosa of mice exposed to the cytokine for 2 and 96 h. Bar graph obtained of the densitometric analysis. pHist3 levels were normalized to actin.](2894fig1){#F1}

IFNγ-mediated Akt activation promotes 14.3.3ζ and pβ-cat552 association and β-catenin redistribution
----------------------------------------------------------------------------------------------------

To understand the influence of sustained Akt/β-catenin activation on epithelial cell proliferation, we investigated the mechanism by which Akt controls β-catenin transactivation downstream of IFNγ. IECs express two isoforms of Akt, Akt1 and Akt2 ([@B1]). Active Akt1 has been shown to directly phosphorylate β-catenin at serine 552 (pβ-cat552) to promote β-catenin association with an adaptor protein 14.3.3ζ, which, in turn, stabilizes and activates β-catenin ([@B32]). Because IFNγ influences IEC proliferation, we examined whether IFNγ exposure modulates association of β-catenin with 14.3.3ζ. Indeed, as shown in [Figure 2A](#F2){ref-type="fig"}, injection of mice with IFNγ or addition of IFNγ to cultured IECs for 1 h resulted in an increase in coimmunoprecipitation of β-catenin with 14.3.3ζ in IECs. Furthermore, β-catenin that was complexed with 14.3.3ζ was phosphorylated at serine 552 ([Figure 2A](#F2){ref-type="fig"}). In contrast, there was no effect on the association of both molecules after TNFα treatment in vivo ([Figure 2A](#F2){ref-type="fig"}). Next we analyzed the effects of 14.3.3ζ on the stability of β-catenin, using an in vitro model. For these studies, we used CHO-K1 cells because they lack E-cadherin and express low levels of β-catenin due to its proteosomal degradation (Supplemental Figure S3). As shown in [Figure 2B](#F2){ref-type="fig"}, expression of exogenous β-catenin in CHO-K1 cells along with increasing concentrations of 14.3.3ζ resulted in a corresponding increase in β-catenin and pβ-cat552. Under these conditions, we also observed a decrease in the phosphorylation β-catenin at serine 33 (pβ-cat33; [Figure 2B](#F2){ref-type="fig"}), which has been shown to generate a recognition site for β-Trcp, resulting in the ubiquitination and degradation of soluble β-catenin ([@B17]). We then evaluated the role of Akt1 and 14.3.3ζ in regulating the stability of β-catenin. Consistent with the role of Akt1 and 14.3.3ζ in regulating β-catenin stability, small interfering RNA (siRNA)--mediated down-regulation of endogenous 14.3.3ζ or Akt1 resulted in reduced β-catenin protein levels (Supplemental Figure S4A). Furthermore, pharmacologic inhibition of Akt (Akt inhibitor VIII) also resulted in decreased β-catenin protein in control cells (Supplemental Figure S4B) and cells exposed to IFNγ for 12 h (unpublished data). Inhibition of Akt was verified by Western blot for pAkt308 (Supplemental Figure S4B). Moreover, as shown in [Figure 2C](#F2){ref-type="fig"}, cytokine treatment or up-regulation of 14.3.3ζ resulted in increased endogenous β-catenin protein levels (3.6- and 3.4-fold increase, respectively). Consistent with previous reports ([@B32]), we observed that increased expression of 14.3.3ζ promoted β-catenin transactivation. Conversely, down-regulation of 14.3.3ζ inhibited β-catenin transactivation ([Figure 2D](#F2){ref-type="fig"}). The influence of IFNγ treatment on localization of 14.3.3ζ and β-catenin was evaluated in IECs by immunofluorescence labeling. In control cells, immunofluorescence labeling demonstrated that β-catenin is evenly distributed in both nuclear and cytosolic compartments but is mainly present in the cytoplasm after treatment with IFNγ for 12 h ([Figure 2E](#F2){ref-type="fig"}). Similarly, IFNγ treatment for 12 h induced accumulation of 14.3.3ζ in the cytoplasm ([Figure 2F](#F2){ref-type="fig"}). Taken together, these findings suggested that 14.3.3ζ may play an important role in regulating the cellular distribution of β-catenin and its function after stimulation with IFNγ.

![IFNγ promotes the association of β-catenin with 14.3.3ζ. (A) Association of β-catenin with 14.3.3ζ was analyzed by coimmunoprecipitation assays. 14.3.3ζ and control immunoglobulin G (IgG) were immunoprecipitated from fresh lysates obtained from SW480 cells, control or treated with IFNγ for 1 h. 14.3.3ζ was immunoprecipitated from IECs isolated from murine intestinal mucosa exposed for 2 h to vehicle (MSA), IFNγ, and TNFα. Immunoprecipitates were blotted for β-catenin, pβ-cat552, and 14.3.3ζ. Densitometric analysis of β-catenin, pβ-cat552, and 14.3.3ζ. (B) The effect of 14.3.3ζ on β-catenin stabilization was analyzed in CHO cells. Confluent monolayers of CHO cells were transfected with 0.1--0.2 μg/ml β-catenin--expressing vector in presence of increasing concentrations of a 14.3.3ζ-expressing vector (arrow). Cell lysates were collected in RIPA lysis buffer and equal amounts of proteins loaded and analyzed by Western blotting. Actin was used as a loading control. (C) The effect of IFNγ and 14.3.3ζ (arrow) overexpression on endogenous β-catenin stability was determined by Western blot in CHO cells. Relative densitometric values were normalized with respect to the controls. p120 catenin was used as a loading control. (D) The effect of 14.3.3ζ expression on β-catenin transactivation was analyzed by TOPflash assays. SW480 cells were transfected with a vector expressing 14.3.3ζ or siRNA targeting 14.3.3ζ and luciferase expression determined. The cellular distribution of β-catenin (E) and 14.3.3ζ (F) was analyzed by immunofluorescence in SW480 cells that were exposed to vehicle (Ctl) or IFNγ for 12 h. Nuclei are blue. Bar, 10 μm.](2894fig2){#F2}

Phosphorylation of 14.3.3ζ at serine 58 after IFNγ treatment promotes relocalization of β-catenin/14.3.3ζ
---------------------------------------------------------------------------------------------------------

The mechanism of inhibition of β-catenin signaling by 14.3.3ζ after IFNγ exposure was further investigated. TOPflash reporter assays demonstrated that expression of stabilized β-catenin (β-catS33Y) in SW480 cells increased TOPflash activity by ∼10-fold, and 14.3.3ζ overexpression alone induced an approximately twofold increase in β-catenin transactivation ([Figure 3A](#F3){ref-type="fig"}). Coexpression of 14.3.3ζ and β-catS33Y did not have additive effects (unpublished data). However, when cells expressing β-catS33Y were treated with IFNγ for 24 h, β-catenin transactivation was reduced by ∼60%. Expression of increasing amounts of 14.3.3ζ had an additive effect on IFNγ-mediated suppression of β-catenin transactivation ([Figure 3A](#F3){ref-type="fig"}). Unexpectedly, β-catenin transactivation was not affected in cells exposed to IFNγ for short periods of time (3--6 h), even in cells overexpressing 14.3.3ζ (unpublished data). These results suggested that inactivation of β-catenin transactivation by14.3.3ζ downstream of IFNγ requires additional posttranslational modifications.

![Decreased IEC β-catenin transactivation in response to IFNγ is associated with phosphorylation of 14.3.3ζ at serine 58. (A) Regulation of β-catenin transactivation by 14.3.3ζ was analyzed in SW480 cells treated with IFNγ by TOPflash assay. Cells were transfected with 0.2 μg/ml vector expressing active β-catS33Y alone or in conjunction with 0.2 or 0.5 μg/ml 14.3.3ζ. IFNγ was added 12 h posttransfection and samples collected 24 h post cytokine treatment. Experiments were performed in triplicate in two different cell passages. Means ± SD of a representative experiment. (B) Phosphorylation status of 14.3.3ζ (Ser-58), β-catenin (Ser-552), Akt (Thr-308), and total protein levels of 14.3.3ζ was analyzed in SW480 cells exposed to IFNγ (12 h) by Western blot. Actin was used as a loading control. Densitometric analysis of p14.3.3ζ is shown in the graph (*n* = 3). (C) The expression of 14.3.3ζ and p14.3.3ζ in the intestinal colonic mucosa of mouse injected with IFNγ was analyzed by Western blot. Actin was used as a loading control. The distribution of 14.3.3ζ (D) and p14.3.3ζ (E) at the colonic crypts of C57BL/6N animals was analyzed by immunofluorescence. Bar, 10 μm. Nuclei are blue. Proliferating cells are marked with Ki67 (red). Crypt plane is marked by a discontinuous line. (F) PLA assays for 14.3.3ζ/β-catenin (green) and p14.3.3ζ/β-catenin (green) were performed in colonic mucosa of C57BL/6N animals. Scale bar, 5 μm. Nuclei are blue. (G) Immunofluorescence labeling for p14.3.3ζ (green) and β-catenin (red) and PLA assay for p14.3.3ζ/β-catenin (green) were performed in T84 cells exposed to IFNγ for 3 h. Scale bar, 10 μm. Nuclei are blue. (H) PLA assay for p14.3.3ζ/β-catenin (green) performed in T84 cells. High magnification of T84 cells exposed to IFNγ for 3 h. Scale bar, 2 μm. Nuclei are blue. (I) Overexpression of 14.3.3ζ mutants does not affect endogenous 14.3.3ζ protein levels. SW480 cells were transfected with 200 ng of plasmid expressing empty vector, 14.3.3ζ WT, 14.3.3ζ S58D, and 14.3.3ζ S58A overnight and 14.3.3ζ expression analyzed by Western blotting of whole-cell lysates. Black arrow marks the overexpressed proteins. (J) 14.3.3ζ S58A prevents inhibition of β-catenin transactivation in IECs exposed to IFNγ. The effect of 14.3.3ζ WT, 14.3.3ζ S58D, and 14.3.3ζ S58A on β-catenin transactivation mediated by IFNγ was evaluated by TOPflash luciferase assays in SKCO15 cells. IFNγ was added 12 h before cells were processed for the TOPflash luciferase assay. Values were normalized to empty vector. Transfections were performed in triplicate, and the means ± SD are shown (*n* = 3).](2894fig3){#F3}

Previous studies showed that phosphorylation of the N-terminal region of 14.3.3ζ at serine 58 (p14.3.3ζ) by serine/threonine kinases results in inhibition of function ([@B19]). We thus analyzed phosphorylation of 14.3.3ζ in cells treated with IFNγ at later time points. As shown in [Figure 3B](#F3){ref-type="fig"}, increased levels of p14.3.3ζ were observed in IECs exposed to IFNγ for 12 h, and phosphorylation levels corresponded with inhibition of β-catenin transactivation after cytokine treatment ([Figure 1A](#F1){ref-type="fig"}). We then performed in vivo experiments to investigate the expression and localization of 14.3.3ζ and p14.3.3ζ in the mucosa of C57BL/6J mice after intraperitoneal injection with IFNγ. As shown in the Western blots in [Figure 3C](#F3){ref-type="fig"}, increased p14.3.3ζ was seen in the intestinal mucosa from mice 3 h after IFNγ administration, whereas total levels of 14.3.3ζ protein remained unchanged. Immunofluorescence labeling of colonic mucosa identified 14.3.3ζ and p14.3.3ζ protein in crypt and surface epithelial cells (Supplemental Figure S5). However, increased 14.3.3ζ and p14.3.3ζ protein was identified in nonproliferating crypt epithelial cells that exhibited negative staining for Ki67 ([Figure 3, D and E](#F3){ref-type="fig"}). Of interest, IFNγ administration increased the number of crypt epithelial cells that exhibited strong labeling for 14.3.3ζ and p14.3.3ζ but lack Ki67 staining (Supplemental Figure S5). To investigate the relationship of β-catenin with 14.3.3ζ in crypt epithelial cells, we analyzed association of these proteins by proximity ligation assay (PLA), a method that analyzes protein--protein interactions with high specificity and sensitivity. Secondary antibodies are coupled to complementary oligonucleotides, and if proteins are in close proximity, the complimentary DNA strands hybridize and the signal is amplified using fluorescently labeled oligonucleotides, leading to distinct fluorescent spots in the sites of interaction ([@B31]; [@B10]). As shown in Supplemental Figure S6, β-catenin is distributed predominantly in the basal membrane of colonic epithelial cells, whereas 14.3.3ζ and p14.3.3ζ localize in the cytoplasm. PLA assay revealed that 14.3.3ζ and β-catenin are in close proximity in the cytoplasm (arrowhead) as well as in the nucleus (arrow) ([Figure 3F](#F3){ref-type="fig"}). In contrast, p14.3.3ζ and β-catenin protein complexes were only observed in the cytoplasm ([Figure 3F](#F3){ref-type="fig"}, arrowhead). To further verify the in vivo observations, we analyzed association of β-catenin with p14.3.3ζ by PLA using a model intestinal epithelial cell line, T84. As shown in [Figure 3G](#F3){ref-type="fig"}, p14.3.3ζ and β-catenin are distributed in the lateral plasma membrane and cytoplasm of IECs. However, PLA assay demonstrated association of p14.3.3ζ with β-catenin only in the cytoplasm of IECs treated with IFNγ ([Figure 3, G](#F3){ref-type="fig"} and [H](#F3){ref-type="fig"}). Next the contribution of 14.3.3ζ phosphorylation at serine 58 in the regulation of β-catenin signaling downstream of IFNγ was investigated using TOPflash reporter assays. The influence of expressing a phosphomimetic point mutant of 14.3.3ζ (S58D) and a phosphorylation-defective mutant of 14.3.3ζ (S58A) on β-catenin transactivation was evaluated by analysis of TOPflash luciferase activity in IECs. Thus equal amounts of 14.3.3ζ wild type (WT), 14.3.3ζ S58D, and 14.3.3ζ S58A were transfected in IECs ([Figure 3I](#F3){ref-type="fig"}). The expression of 14.3.3ζ mutants did not affect 14.3.3ζ protein levels of endogenous protein ([Figure 3I](#F3){ref-type="fig"}). As shown in [Figure 3J](#F3){ref-type="fig"}, cells transfected with 14.3.3ζ WT showed a modest increase in TOPflash luciferase activity (1.00 ± 0.105 vs. 1.29 ± 0.23), whereas we did not observe an influence on β-catenin transactivation in cells overexpressing 14.3.3ζ S58D (1.00 ± 0.105 and 1.01 ± 0.045). However, the expression of 14.3.3ζ S58A enhanced β-catenin transactivation (1.00 ± 0.105 vs. 2.70 ± 0.33). IFNγ treatment for 12 h decreased β-catenin transactivation in control cells (46%, 0.54 ± 0.038) and in cells expressing 14.3.3ζ WT (39%, 0.79 ± 0.14), 14.3.3ζ S58D (34%, 0.66 ± 0.23). and 14.3.3ζ S58A (24%, 2.03 ± 0.26). In the presence of 14.3.3ζ S58A, the influence of IFNγ on β catenin transactivation was less prominent than with the other conditions. Taken together, these results suggest that phosphorylation of 14.3.3ζ mediates relocalization of β-catenin from the nucleus to the cytoplasm to inhibit β-catenin transactivation and IEC proliferation downstream of IFNγ.

Akt1 induces phosphorylation of 14.3.3ζ at serine 58
----------------------------------------------------

Experiments were performed to identify the kinase that mediates phosphorylation of 14.3.3ζ. Because Akt1 has been shown to phosphorylate 14.3.3ζ at serine 58 ([@B26]), we analyzed the role of Akt1 in generation of the p14.3.3ζ. Increasing concentrations of Akt1 were transfected in SW480 cells, and the expression of p14.3.3ζ was quantified. As shown in [Figure 4A](#F4){ref-type="fig"}, whereas low concentrations of Akt1 did not influence p14.3.3ζ, expression of high amounts of the kinase increased levels of p14.3.3ζ. Of interest, we also observed that total levels of 14.3.3ζ and pβ-cat552 were increased when small amounts of Akt1 were expressed, and high levels of Akt1 diminished 14.3.3ζ and pβ-cat552 protein levels ([Figure 4A](#F4){ref-type="fig"}), suggesting a complex relationship between Akt1 protein levels and phosphorylation/stabilization of 14.3.3ζ and pβ-cat552. Of importance, no changes were observed in the phosphorylation of an unrelated protein pS6 rib after overexpression of Akt1 ([Figure 4A](#F4){ref-type="fig"}). To corroborate these findings, we analyzed the levels of Akt protein in the mucosa of IFNγ-treated mice. As shown in [Figure 4B](#F4){ref-type="fig"}, IFNγ treatment resulted in increased Akt1 protein levels in lysates from the intestinal mucosa of mice exposed to IFNγ for 1--3 h. In contrast, the same IFNγ treatment resulted in decreased Akt2 protein levels. Immunofluorescence staining analyses of intestinal mucosa revealed that Akt1 was enriched in the cytosol of epithelial cells in the base of nonproliferative crypt IEC in control and IFNγ-treated conditions, suggesting that increased Akt1 may contribute to inhibition of intestinal epithelial cell proliferation (Supplemental Figure S7).

![Phosphorylation of 14.3.3ζ at serine 58 requires up-regulation of Akt1 protein levels. (A) The effect of increasing concentrations of Akt1 on phosphorylation of 14.3.3ζ was analyzed in cell lysates of SW480 cells. Akt1, 14.3.3ζ, p14.3.3ζ, and pS6 Rib were analyzed by Western blot. Actin was used as a loading control. (B) The expression of Akt1 and Akt2 after IFNγ treatment was analyzed by Western blotting lysates of colonic tissue of mice injected with IFNγ. Western blots were performed using antibodies against pan-Akt, Akt1, Akt2, pAkt308, and pβ-cat552. Actin was used as loading control. (C) The role of Akt1 expression in β-catenin transactivation was evaluated in SW480 cells transfected with 0.01--2 μg/ml vector expressing Akt1. β-Catenin transactivation was evaluated by TOPflash assay. TOP vs. FOP and TOP/FOP activity are plotted. (D) Effects of Akt1 subcellular distribution on β-catenin--mediated transcriptional activity was evaluated by TOPflash assay in SW480 cells. Cells were transfected with 0.75 μg/ml Akt1-myr, Akt1, or Akt-NLS constructs in serum-free medium. (E) The expression of p14.3.3ζ was analyzed in colonic cell lysates of IFNγ-injected animals that were pretreated with dimethyl sulfoxide or Akt inhibitor VIII. Densitometric values were normalized to actin and are presented as a graph (\*\**p* \< 0.0001).](2894fig4){#F4}

To further gain insight into the contribution of Akt1 protein levels in inhibiting β-catenin signaling, we examined the effect of increasing concentrations of Akt1 on β-catenin transactivation. Expression of different amounts of Akt (Akt-HA) in SW480 cells had differential effects on β-catenin--mediated TCF reporter activity. As shown in [Figure 4C](#F4){ref-type="fig"}, expression of low levels of Akt1 increased β-catenin transactivation, whereas further increased Akt1 expression repressed β-catenin transactivation, analogous to that observed with IFNγ ([Figure 1A](#F1){ref-type="fig"}). We hypothesized that Akt1 protein levels may contribute to the generation of subcellular pools of Akt1 that differentially control β-catenin transactivation. Under this scenario, low cellular levels of Akt1 would result in preferential localization of pAkt308 in the cytoplasm and plasma membrane, whereas increased Akt levels are associated with distribution of Akt1 protein in the nucleus. To test this possibility, we used a gain-of-function approach to overexpress Akt1 mutant proteins that are preferentially targeted to one of these subcellular compartments (Supplemental Table S1) and determined their effect(s) on β-catenin transactivation. As previously reported and shown in [Figure 4D](#F4){ref-type="fig"}, increased β-catenin transactivation was observed in SW480 cells expressing membrane-associated Akt1 (Akt1--myristoylation signal \[myr\]; [@B16]). Conversely, overexpression of unmodified Akt1 resulted in suppressed TOPflash reporter activity. Furthermore, expression of a mutant Akt1 with two nuclear localization signals (NLSs) in tandem ([@B34]) was even more efficient in suppressing β-catenin transactivation, as previously reported ([Figure 4D](#F4){ref-type="fig"}; [@B16]), and is consistent with nuclear Akt1-mediated inhibition of β-catenin transactivation. Because the foregoing results support a specific role of Akt1 in the regulation of β-catenin transactivation in IEC, we investigated whether the redistribution of 14.3.3ζ/pβ-cat552 from nucleus to cytosol ([Figure 2G](#F2){ref-type="fig"}) was mediated by Akt1. Akt1, pAkt308, 14.3.3ζ, and pβ-catenin were analyzed in nuclear fractions of SW480 transiently overexpressing Akt1. Akt1 overexpression increased pAkt308 and pβ-cat552 protein levels in total cell extracts of SW480 without influencing 14.3.3ζ and β-catenin protein levels (Supplemental Figure S8A). Overexpression of Akt1-HA in SW480 cells increased pAkt308 in the nucleus, accompanied by decreased levels of nuclear 14.3.3ζ, without influencing pβ-cat552 (Supplemental Figure S8B). Given that SW480 cells have APC mutations that can influence pβ-cat552, we further characterized the influence of Akt1 overexpression in CHO cells expressing E-cadherin (CHO-Ecad). CHO-Ecad cells were used because they have high levels of endogenous β-catenin. As shown in Supplemental Figure S8B, increased Akt1 expression promoted accumulation of nuclear pAkt308, which was associated with reduced nuclear 14.3.3ζ and pβ-cat552 in CHO-Ecad cells. These results suggest that increased nuclear Akt1 decreases 14.3.3ζ and pβ-cat552 in the nucleus. We next determined whether IFNγ increased nuclear pAkt308, which modulates pβ-cat552 and 14.3.3ζ localization. Similar to our previous findings, IFNγ treatment for 12--24 h resulted in reduced nuclear 14.3.3ζ, which correlated with the increased pAkt308 in nuclear fractions of SW480 and CHO-Ecad cells (Supplemental Figure S8C). However, decreased pβ-cat552 was observed only in CHO-Ecad cells (Supplemental Figure S8C).

Next we investigated the role of Akt in controlling 14.3.3ζ nuclear localization in response to IFNγ. As shown in Supplemental Figure S9, IFNγ treatment (1--3 h) increased levels of nuclear 14.3.3ζ in cells that were treated with Akt inhibitor VIII, but we did not observe a change in 14.3.3ζ protein in IFNγ-treated mono­layers. These results suggested that Akt activity influences nuclear levels of 14.3.3ζ. To demonstrate the role of Akt in phosphorylation of 14.3.3ζ, we performed in vivo analyses of p14.3.3ζ protein in intestinal mucosa of mice after IFNγ injection in the presence and absence of Akt inhibitor VIII. As shown in [Figure 4E](#F4){ref-type="fig"}, Akt inhibition prevented the increase in phosphorylation of 14.3.3ζ in mice after IFNγ administration. Taken together, the foregoing results suggested that phosphorylation of 14.3.3ζ induced by IFNγ treatment requires activation of Akt.

Akt1 is a target protein downstream of β-catenin in intestinal epithelial cells
-------------------------------------------------------------------------------

Experiments were performed to investigate mechanism(s) by which IFNγ induces expression of Akt1. In colonic epithelial cells, Akt1 expression was reported to be induced by β-catenin transactivation ([@B4]). Given our findings, we hypothesized that transactivation of β-catenin by Akt after IFNγ exposure at early time points ([Figure 1A](#F1){ref-type="fig"}) was responsible for subsequent increases in Akt1protein expression. As shown in [Figure 5A](#F5){ref-type="fig"}, IFNγ treatment for 2 h increased Akt1 mRNA expression in SW480 cells, and siRNA-mediated down-regulation of β-catenin inhibited this effect. We also investigated the possibility that β-catenin transactivation by Akt and 14.3.3ζ may regulate Akt1 expression after IFNγ treatment. Indeed, as shown in [Figure 5B](#F5){ref-type="fig"}, IFNγ treatment resulted in an increase in Akt1 mRNA that was prevented by pharmacologic inhibition of Akt kinase activity. Furthermore, forced expression of 14.3.3ζ increased Akt1 mRNA levels that were further increased when the cells were treated with IFNγ ([Figure 5B](#F5){ref-type="fig"}). Of importance, pharmacologic inhibition of Akt activity abrogated the increase in Akt1 mRNA mediated by 14.3.3ζ overexpression in the absence or presence of IFNγ ([Figure 5B](#F5){ref-type="fig"}). Finally, we investigated the effect of 14.3.3ζ on the regulation of Dkk-1, a Wnt inhibitor known to be induced by IFNγ during inflammation ([@B22]). As shown in Supplemental Figure S10, up-regulation of DKK-1 mRNA levels was observed in IECs transiently expressing 14.3.3ζ. Thus, taken together, these results suggested that activation of β-catenin by Akt is necessary to induce expression of Akt1 and Dkk-1 to establish a feedback loop that inhibits Wnt/β-catenin and IEC proliferation.

![β-Catenin transactivation mediates Akt1 expression in IECs. (A) The effect of β-catenin down-regulation on Akt1 mRNA expression in response to IFNγ was analyzed by qRT-PCR. Down-regulation of β-catenin was achieved using a specific siRNA and analyzed by Western blot (inset). Experiments were performed in duplicate, and the means ± SD are shown. Akt1 mRNA levels were normalized to glyceraldehyde-3-phosphate dehydrogenase expression. \**p* \< 0.005;\*\**p* \< 0.001. (B) The effect of Akt/β-catenin signaling pathway on Akt1 mRNA expression was analyzed by qRT-PCR in control or IFNγ-treated SW480 cells. Activation of Akt/β-catenin was achieved by 14.3.3ζ overexpression or IFNγ treatment. A pharmacological inhibitor (Akt inhibitor VIII; 2.12 μM) was used to inhibit Akt. Experiments were performed in duplicate, and means ± SD are shown. \**p* \< 0.005;\*\**p* \< 0.001.](2894fig5){#F5}

DISCUSSION
==========

β-Catenin signaling plays a pivotal role in controlling the homeostatic property of intestinal epithelial crypts. As intestinal epithelial cells differentiate and migrate to the luminal surface of crypts, physiologic β-catenin activation and proliferation are inhibited. However, the mechanisms regulating this process are incompletely understood. It is well appreciated that proinflammatory cytokines such as IFNγ and TNFα modulate multiple aspects of epithelial homeostasis, in part through effects on β-catenin signaling ([@B22]; [@B2]). The relationship between intestinal epithelial homeostasis and cytokines is temporal in nature, depending on the extent and duration of the inflammatory response. Here we report a new mechanism that governs the stimulatory and inhibitory effects of IFNγ on β-catenin signaling to control intestinal epithelial proliferation. We provide evidence of the temporal interplay of Akt1 and a scaffold protein, 14.3.3ζ, in controlling β-catenin subcellular distribution, its transactivation, and finally, epithelial cell proliferation.

The role of Akt in regulation of β-catenin signaling is incompletely understood and controversial. From the findings in this study and others ([@B4]; [@B9]; [@B16]), it is likely that controversy over the role of Akt is related, in part, to type and duration of stimulus and cellular concentrations of Akt. Through analyses of the response of IECs to IFNγ treatment, we were able to demonstrate that Akt1 controls activation and inhibition of β-catenin signaling downstream of IFNγ and propose a hypothetical model in which Akt1 controls the fate of β-catenin through regulation of cellular localization of the complex 14.3.3ζ/pβ-cat552 ([Figure 6](#F6){ref-type="fig"}). The model we propose predicts that PI3K activation by IFNγ ([@B12]) results in the activation of Akt1. Active Akt phosphorylates β-catenin at serine 552. Such posttranslational events facilitate interaction of β-catenin with 14.3.3ζ, thereby promoting β-catenin stabilization and transactivation ([Figure 6](#F6){ref-type="fig"}, left; [@B32]). As a consequence of this process, Akt1 protein levels increase. Elevated levels of Akt1 result in enrichment of pAkt308 within the nucleus, enhances phosphorylation of 14.3.3ζ at serine 58 by Akt ([@B26]), and its subsequent relocalization from nucleus to cytosol, where the molecules accumulate ([Figure 3, D and E](#F3){ref-type="fig"}; [@B32]; [@B9]). It is therefore likely that the foregoing mechanism is responsible for the expulsion of 14.3.3ζ and pβ-cat552 from the nuclear compartment, resulting in inhibition of β-catenin transactivation and inhibition of IEC proliferation ([Figure 6](#F6){ref-type="fig"}, right).

![Model showing IFNγ regulation of β-catenin.](2894fig6){#F6}

The results in this study cannot exclude the possibility that increasing Akt1 protein levels by IFNγ could inhibit β-catenin signaling via other mechanisms. Indeed, up-regulation of Akt1 in response to IFNγ could promote association of 14.3.3ζ with Akt1, resulting in cytoplasmic sequestration of β-catenin, as shown in other models ([@B16]). Moreover, the monomeric form of 14.3.3ζ generated after phosphorylation of 14.3.3ζ ([@B37]; [@B29]) by Akt1 could enhance β-catenin proteasomal degradation, as reported for other proteins ([@B27]).

It is well established that synthesis of new proteins is a mechanism by which a negative feedback loop is generated to inhibit or terminate signaling and reestablish homeostasis ([@B11]; [@B24]). Thus activation of Wnt/β-catenin signaling can negatively regulate itself by promoting synthesis of inhibitory proteins such as Dkk1 and Axin2 ([@B11]; [@B18]; [@B8]). Such newly synthesized proteins can then target other regulatory proteins. The present study suggests that a single molecule such as Akt1 can activate or inhibit β-catenin transactivation under specific conditions by controlling accessory molecules such as 14.3.3ζ. This mechanism is complementary to previously reported effects of Dkk1 and GBP1, which serve to inhibit β-catenin activation during inflammation ([@B22]; [@B2]). Of interest in the present study, we observed that 14.3.3ζ overexpression in IECs increased Dkk-1 mRNA, supporting a relationship of these β-catenin signaling inhibitory pathways (Supplemental Figure S10). Thus, in concert with other reports, these findings suggest that multiple mechanisms have evolved to prevent uncontrolled β-catenin signaling and epithelial proliferation ([@B23]; [@B22]). It is reasonable to assume that such mechanisms might play important roles in controlling molecular events that modulate proliferative responses under a variety of physiologic and pathological conditions. Although further studies are needed, it is clear from our results that understanding the mechanisms by which 14.3.3ζ controls cytosolic β-catenin activity could provide insight into mechanism(s) aimed at inhibiting epithelial cell proliferation in tumor cells in which β-catenin signaling is dysregulated.

Previous reports suggested synergy between the Akt and Wnt signaling pathways upstream of β-catenin ([@B6]; [@B21]). However, our results demonstrate that during inflammation, transactivation of β-catenin by Akt and 14.3.3ζ results in reduced Wnt signaling ([@B22]; [Figure 3](#F3){ref-type="fig"}). Given the findings in this study, we hypothesized that during inflammation, components of Wnt and Akt signaling cascades form part of a larger regulatory pathway that controls β-catenin transactivation. In fact, our results predict that increased expression of 14.3.3ζ by Wnt/β-catenin would trigger β-catenin transactivation via Akt, a mechanism that could be important in promoting cell differentiation rather than proliferation. This model is consistent with a previous report highlighting a role of β-catenin in controlling differentiation of human embryonic stem cells ([@B3]).

In conclusion, the above results support the concept of spatiotemporal regulation of β-catenin as an essential mechanism in controlling intestinal epithelial cell homeostasis. We hypothesize that perturbation of upstream regulators of β-catenin such as Akt and 14.3.3ζ results in changes in the rate of intestinal epithelial proliferation in response to the proinflammatory cytokine IFNγ. Moreover, this study identifies 14.3.3ζ and Akt1 as important regulators of β-catenin signaling during inflammation.

MATERIALS AND METHODS
=====================

Antibodies and reagents
-----------------------

Recombinant human and mouse IFNγ were obtained from Peprotech (Rocky Hill, NJ) and used at 100 U/ml for in vitro treatment and 2.5 μg/kg of weight for in vivo experiments. Recombinant mouse TNFα was obtained from PeproTech and used at 0.5 μg/kg of weight for in vivo experiments. MISSION siRNA (Supplemental Table S2) was obtained from Sigma-Aldrich (St. Louis, MO) and transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Primers for quantitative real-time PCR (qRT-PCR; Supplemental Table S2) were purchased from [Realtimeprimes.com](http://Realtimeprimes.com) (Elkins Park, PA). AKT inhibitor Akt inhibitor VIII was obtained from Calbiochem (Darmstadt, Germany) and used according to the supplier\'s recommendation. Information about primary antibodies and constructs can be found in Supplemental Tables S3 and S4. Secondary antibodies were purchased from Invitrogen and Jackson Immuno­Research (Westgrove, PA).

Cell culture
------------

Intestinal epithelial cell model SW480 and CHO-K1 cells were grown in DMEM with 10% fetal calf serum and antibiotics. Cells were maintained in a humidified incubator with 5% CO~2~. For functional studies, cells were seeded onto collagen-coated, permeable filters (Costar, Tewksbury, MA) or glass coverslips.

Animal experiments
------------------

All procedures with animals were reviewed and approved by the Emory University Institutional Animal Care and Use Committee and by the Centro de Investigación y de Estudios Avanzados, Instituto Politécnico Nacional, Internal Committee for Care and Use of Laboratory Animals and were performed according to National Institutes of Health and Consejo Nacional de Ciencia y Tecnología criteria. C57Bl/6J mice were obtained from the Jackson Laboratories (Bar Harbor, ME). Animals were housed in a standard day-and-night cycle, with free access to food and water. IFNγ was dissolved in a carrier made with 0.002% mouse serum albumin and injected intraperitoneally in male mice (20--25 g). Intestinal epithelial cells were isolated from washed colon segments by repeated incubation with 50 mM EDTA (Sigma-Aldrich) in Hanks' balanced salt solution and protein extracted and analyzed by Western blot. Protein localization was visualized by indirect immunofluorescence staining.

Western blot assays
-------------------

Samples were collected in RIPA lysis buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented with protease and phosphatase inhibitors (Sigma-Aldrich), sonicated, and cleared by centrifugation. Protein concentration was determined with a bicinchoninic acid protein assay, and samples were boiled in SDS sample buffer with 50 mM dithiothreitol. Equal amounts of protein were separated by SDS--PAGE and transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with 2% (wt/vol) dry milk or bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20 and incubated with primary antibodies in blocking buffer overnight at 4°C.

Immunofluorescence microscopy
-----------------------------

Tissue sections were fixed with paraformaldehyde (15 min) and then permeabilized with 100% ethanol (20 min, −20°C). Samples were then blocked with 2% (wt/vol) BSA for 1 h and incubated with primary antibodies overnight at 4°C. After incubation with fluorophore-labeled secondary antibodies for 1 h, nuclei were stained with ToPro-3 iodide (Molecular Probes, Carlsbad, CA), and coverslips were mounted in *p*-phenylene. Images were taken on an LSM 510 confocal microscope (Zeiss, Jena, Germany) with Plan-Neofluar 1003/1.3 oil, 403/1.3 oil, and 203/0.5 dry objectives, with software supplied by the vendor.

Real-time PCR
-------------

Total RNA was isolated from purified IEC using the Qiagen RNeasy Mini Kit (Germantown, MD), according to the manufacturer\'s protocol, with on-column DNase digestion using the RNase-Free DNase set. cDNA was generated using the Superscript First-Strand Synthesis System for real-time (RT) PCR and random hexamer primers (Invitrogen), according to the manufacturer\'s protocol. cDNA was used as a template for qRT-PCR using SYBR Green Master Mix (Bio-Rad, Hercules, CA) and specific primers (Supplemental Table S2). PCR and analysis were performed using a MyiQ iCycler (Bio-Rad), and gene expression was calculated relative to *Gapdh*.

Cellular fractionation
----------------------

Cytoplasmic and nuclear extracts were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Waltham, MA). The Thermo Scientific Subcellular Protein Fractionation Kit was used for cytoplasmic, membrane, and nuclear-soluble fraction extracts. Both kits were used according to the manufacturer\'s protocol.

In situ proximity ligation assay
--------------------------------

The Duolink in situ proximity ligation assay (Uppsala, Sweden) was performed according to the manufacturer\'s instructions.

Statistics
----------

Dunnett\'s posttest after one-way analysis of variance or two-tailed Student\'s *t* test was used to analyze the data (GraphPad Software, La Jolla, CA). *p* \< 0.05 was considered statistically significant.
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IFNγ
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